We describe the formation of superhydrophobic surfaces by controlling the surface roughness using some simple processing methods, such as annealing at 120 °C, freeze-drying at -40 °C and composite film preparation. The root-mean-square (rms) roughness and the water contact angle values of untreated poly (3, 3, 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 9, 9, 10, 10, 11, 11, 12 ,12-heneicosaffluorododecyl acrylate) (PHFDA) film prepared on silicon substrate using spin-coating technique were about 1.35 nm and θA/θR = 125 o /103 o , respectively. On the other hand, the annealed film C and the freeze-dried film with only a small increase in the rms roughness and the water contact angle values were 2.05 nm and θA/θR = 126 o /111 o , and 2.28 nm and θA/θR = 130 o /123 o , respectively. However, these values for the composite film composed of PHFDA and active carbon were 2.54 nm and θA/θR = 165 o /164 o , respectively. This method can be applied to various surfaces as long as the composites composed of nanoparticles and polymeric materials do not cause any aggregation in spin-coating.
Introduction
Superhydrophobic surfaces are usually obtained by controlling the surface chemistry and surface roughness of the polymer materials using various methods. The water contact angles of polymers having long-chain hydrocarbon or fluorocarbon chains are in the range from 110 o to 120 o [3] [4] [5] [6] [7] . The hydrophobicity of a surface can be increased by the grafting of fluorocarbon groups. However, the water contact angle on the smooth hydrophobic surface generally does not exceed 125 o [8, 9] . Nowadays, studies involving the preparation of superhydrophobic surfaces (lignocellulose nanofibrils [10] , stainless steel [11] , wood [12] ... etc) suitable for the purpose of use are quite attractive. Superhydrophobic surfaces (> 150 o ) can be obtained by controlling the surface roughness via various processing methods, such as etching [13, 14] , drop evaporation [15] , a gel-like porous coating [16] and spin-coating of nanoparticles dispersed in an organic solvent onto polymeric films [17] . However, the preparation of these surfaces often goes through the complex time-consuming processes. In this study, the superhydrophobic surfaces were prepared using some simple processing methods such as annealing at 120 ° C, freeze drying at -40 ° C, and composite films composed of PHFDA and active carbon.
Background
Surface wettability is controlled by the combination of surface roughness and materials with low surface energy. In nature, the unusual superhydrophobicity of lotus plants having water contact angles larger than 150 o is known to result from surface roughness and surface chemistry [1, 2] . PHFDA is a hydrophobic polymer (it has a water contact angle of ~125 o C) and its hydrophobicity can be enhanced using various processes.
Experimental
PHFDA was synthesized by the reversible addition-fragmentation chain transfer (RAFT) polymerization using HFDA monomer, 4,4 ' -azobis(4-cyanovaleric acid) (ACVA) initiator and 2-cyano-2-propyl benzodithioate RAFT agent in anhydrous 1,4-dioxan at 90 o C for 4 h. The synthesized polymer was dissolved in tetrahydrofurane (THF) and precipitated in n-hexane and dried at 40 o C under vacuum. After dissolving the polymer in THF (1.0%, w/v) and spin-coating at 3000 rpm for 1 min, we obtained a smooth film on the silicon substrate. This polymer film was called as the untreated film. Meanwhile, using untreated films, annealing, freeze-drying and composite films were prepared by annealing at 120 °C, freeze-drying at -40 °C, and composite creation processes, respectively. The morphology images of the surfaces were stored using a Multimode Atomic Force Microscope (AFM) (Park Systems XE70 SPM Controller LSF-100 HS) as topographical scans in non-tapping mode in air at a scan rate of 1 Hz. The X-ray photoelectron spectroscopy (XPS) measurements were performed on a SPECS XPS spectrometer supplied by an Mg Kα X-ray source. All the spectra were calibrated in accordance with the aliphatic C1s component at a binding energy of 285.0 eV, following peak fitting of the C1s spectra. The water contact angle measurements were carried out at room temperature employing a DSA 100, Krüss type goniometer, which is supplied by a microliter syringe. The presence of the Si signals in the survey scan XPS spectrum of the PHFDA film indicates that the thickness of the polymer film is below the probing depth of the XPS technique (thickness = 9.5 nm) [19] . The XPS C1s spectrum of the film was deconvoluted into three peak components having binding energies at about 282.3, 284.8, 287.5 and 290.2 eV, attributable to the C-C/C-H, C=O, C-O and C-F species, respectively (Figure 1b ). The experimental F/C ratio of 1.30 is different from that of the theoretical ratio of 1.24 in a single monomeric unit of the PHFDA, indicating that the −CF3 groups with low-energy are enriched on the surface and the partial surface roughness is formed. The surface roughness was controlled with atomic force microscopy (AFM) and had rms roughness of 1.35 nm (Figure 2a ).
The shape of the water drop on the resulting PHFDA film has high advancing/receding contact angles of θA/θR = 125 o /103 o due to a mostly vertical orientation of the fluoroalkyl groups in PHFDA relative to the substrate (−CF3 outer side) [20] (Figure 2a ). To compare the water contact angle of the untreated film, after spin-coating, two different films were prepared by annealing at 120 °C for 2 h and by freeze-drying at -40 °C, respectively. The rms roughness of the annealed and the freezedried films were about 2.05 and 2.28 nm, respectively (Figures 2b and 2c ). Partial surface roughness may occur due to the removal of physisorbed solvent in the polymer film during the freeze-drying process at -40 ° C. Their water contact angle values were θA/θR = 126 o /111 o and θA/θR = 130 o /123 o , respectively, but still insufficient to be classified as superhydrophobic. Therefore, we prepared the composite film composed of PHFDA and active carbon for forming superhydrophobic coating on the silicon substrate. Thus, we improved the water contact angle values from θA/θR = 130 o /123 o to θA/θR = 165 o /164 o ( Figure  2d ). Moreover, this film exhibited a very small contact angle hysteresis (~1 o ) compared with the untreated, annealed and freeze dried films (Figure 3a) . The composite film showed light domains surrounded by darker areas (Figure 2d ). The light domains are probably composed of active carbon-rich phases, while the dark areas can be attributed to the polymer phase. These differences are highlighted in Figure 1 , which shows cross-sections of each of the AFM images. For the composite film, the difference in height between the light and dark areas is apparent (~15 nm), as are the lengths of the light domains (~2 μm), while the other films are much more homogeneous, with negligible differences being seen in height profiles. The rms roughness value of the composite film is about 2.54 nm (Figures 2d and 3b) . The presence of active carbon in the composite film may have increased surface roughness. The increase in surface roughness reflected in the increase in hydrophobicity. As a conclusion, we created superhydrophobic surfaces using simple processes such as annealing at 120 ° C, freeze-drying at -40 ° C and forming composites. Among them, the composite film composed of PHFDA and active carbon exhibited the highest hydrophobicity (θA/θR = 165 o /164 o ). In conclusion, the addition of superhydrophobicity by the formation of composite film to the well known antifouling properties of the fluoropolymers may lead to new coating applications.
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